The identification of runoff generating areas (RGAs) within a watershed is a difficult task because of their temporal and spatial behavior. A watershed was selected to investigate the RGAs to determine the factors affecting spatio-temporally in southern Ontario. The watershed was divided into 8 fields having a Wireless System Network (WSN) and a V-notch weir for flow and soil moisture measurements. The results show that surface runoff is generated by the infiltration excess mechanism in summer and fall, and the saturation excess mechanism in spring. The statistical analysis suggested that the amount of rainfall and rainfall intensity for summer (R 2 = 0.63, 0.82) and fall (R 2 = 0.74, 0.80), respectively, affected the RGAs. The analysis showed that 15% area generated 85% of surface runoff in summer, 100% of runoff in fall, and 40% of runoff in spring. The methodology developed has potential for identifying RGAs for protecting Ontario's water resources.
(RGAs) in a small agricultural watershed in southern Ontario.
Materials and Methods

Study Area
A 4.45 ha agricultural watershed, located on the Guelph Turfgrass Institute (GTI) of the University of Guelph, Guelph, between latitudes of 43˚32'42''N and 43˚32'50''N, and longitudes of 80˚12'17''W and 80˚12'30''W, was selected to study the seasonal dynamics of VSAs in southern Ontario (Figure 1) . The mean elevation and slope of the watershed are 303 m and 4.5%, respectively. The mean annual precipitation is 810 mm. The long-term average annual temperatures for spring, summer, fall, and winter seasons are 9.2˚C, 18.5˚C, 5.2˚C, and −5.2˚C, respectively. The soil is uniform over the entire watershed and belongs to the Guelph series. The texture of the soil is sandy loam and falls in Group A in term of soil hydrological groups. The watershed was under the cultivation of corn in when the experiment was conducted in 2008.
Data Acquisition
In order to study the dynamics of VSAs, the GTI watershed was discretized into 8 homogenous fields based on soil, land use, and topography ( Figure 2 ). The characteristics of these 8 fields are shown in Table 1 . A Wireless System Network (WSN) was designed to measure the flow and soil moisture. This system includes a pressure sensor, a soil moisture sensor (both sensors were attached to the same board), a base station, and a laptop computer. A pressure sensor along with a soil moisture sensor was placed at the outlet of each field. The pressure sensors measured the depth of overland flow over a V-notch weir by means of the changes in output voltages. The soil moisture sensors registered the volumetric soil water content using another series of output voltages designed for them. The green dots in Figure 2 show the locations of the 8 sensors.
A V-notch weir was installed at the outlet of each field and the pressure sensor pipe was attached to the angle of the V-notch. A soil moisture sensor was placed into the ground beside the V-notch and were fed by a power source. Figure 3 shows the schematic installation of equipment. The sensors recorded the data in time intervals of 10 minutes and stored them in a small flash memory located on the sensor board. The data were then transferred to the base station and stored in a laptop computer. The pressure and soil moisture sensors were tested and calibrated in the lab, and in the field repeatedly to ensure that they functioned effectively in the field and provided as accurate data as possible.
The rainfall data were collected from the GTI tipping bucket raingauge in time interval of 5 minutes. A total Table 2 ). The total soil porosity for summer and fall was obtained from the work done by [28] . The total soil porosity values for summer, fall, and spring were 41%, 46%, and 48%, respectively. The maximum amount of rainfall (37.4 mm) occurred on August 5, 2008 , with an average intensity of 0.16 mm −1 ·min −1 and return period of 19 years. The minimum amount of rainfall (1.4 mm) happened on August 2, 2008 with an intensity of 0.02 and return period of 1.1 years. The highest intensity was 0.2 mm/min, and it occurred on August 10, 2008 , with 25.6 mm of rain and duration of 130 minutes. Overall, summer storms have higher intensities because of shorter rainfall durations, and spring storms have lower intensities because of longer rainfall durations.
Analysis
To examine the effects of area and slope of the fields in addition to the way different fields respond to the storms in the watershed study, a Slope/Area Index was developed as follows:
where: SAI = Slope/Area Index; S = average slope of field (%); A = area of field (ha). The sensitivity of the fields was analyzed using the probability of each field responding to the recorded rainfall events. This probability (P r ) was calculated using the Equation (2) below: Each field of the watershed had eighteen possible numbers of responses (n) to the rainfall events, out of which the field has responded to some of the events (r).
The literature review for runoff generation has stated the importance of runoff coefficient in the evaluation of contributing areas [6] [13] . Also, rainfall return period can be used for the delineation of contributing areas; therefore, some of the factors were considered for further analysis for this study. In this study the observed data at the outlets of the eight selected fields and at the outlet of the watershed were statistically analyzed to determine any spatio-temporal effect of peakflow, total flow, runoff coefficient, rainfall and runoff return period on RGAs at filed scale and watershed scale. Table 3 summarizes the soil moisture of each field in the watershed study before the beginning of rainfall storms and the time at which runoff was generated for the eighteen recorded rainfall storms. The analysis indicates that all fields in summer and fall generated runoff by infiltration-excess mechanism while spring was dominated by saturation-excess runoff for all of the fields ( Table 3) . In summer, the minimum soil moisture recorded among all the fields was 7% before the initiation of rainfall (7/30/08), and the maximum value was 38% at the time runoff was generated (8/13/08). The corresponding values of soil moisture for the fall were 6% and 25%, and the moisture content values for the spring were 30% and 56%.
Results and Discussions
Runoff Generation Mechanism
In summer and fall, the average amount of soil moisture in the entire watershed was found to be lower than that of soil moisture in spring. Storms with different precipitation amounts increased the soil moisture in the field during the event. However, due to high soil-water storage capacity in summer and fall, the soil moisture never reached the saturation status. On the other hand, the soil was saturated or close to saturation in the entire watershed during spring. Therefore, even a small amount of rainfall generated runoff from all the fields. The eight fields of the study watershed had different soil moisture status before the beginning of rainfall storms, even though the soil and land use are uniform over the entire watershed (Table 3) . Furthermore, runoff has been generated on a random basis so that a field with low soil moisture generated runoff for a rainfall storm, while the same field with higher soil moisture did not contribute to runoff for other storms. For example, Field 4 with 7% soil moisture before the rainfall event of July 30, 2008 has generated runoff. However, the rainfall storm that occurred on August 14, 2008, this field did not contribute any runoff with 18% soil moisture ( Table  3 ). This expresses that there is no specific threshold for soil moisture below which runoff is never generated and above which runoff is always generated. These results indicate that the soil moisture is not the only important factor for investigating the runoff generation mechanism, and other factors are also involved in the initiation of runoff in the field.
Spatial and Temporal Variability of Runoff Generating Areas (RGAs)
Three fields were randomly selected (Figure 4) to demonstrate the changes of soil moisture before the initiation of runoff and during runoff generation during summer, fall and spring seasons. Soil moisture fluctuates significantly in summer, since it is low before runoff generation, and increases sharply with rainfall to the point where it could pass the saturation threshold for high intensity rainfall events (Figure 4(a) ). The amount of soil moisture in fall was slightly lower than that of summer before starting rainfall; however it did not significantly change during runoff generation period due to light rain in the fall season (Figure 4(b) ). The soil in the watershed was not near saturation status during summer and fall seasons. The fluctuation of soil moisture in spring was similar to fall; however, the value is significantly higher as the soil was saturated or near saturation (Figure 4(c) ). The changes in soil moisture in summer are highly dependent upon the amount of precipitation while in fall and spring, other factors such as five-day antecedent rainfall should be considered since the trend of soil moisture did not follow the rainfall trend.
The time series output with depth of surface runoff were analyzed for eighteen recorded rainfall events. If the node at the field outlet registered any positive value except zero from the pressure sensor, the entire area of that field was considered to be RGA. The percentage of the contributing area was then computed for each rainfall storm to study its variability in time and space ( Table 4 ). The timing of runoff generation and dissipation were found to be different for each storm event in different fields due to different soil moisture status. Also, the areal extent of RGAs at various times was different for each rainfall events and for all the diverse seasons.
Figures 5-7 demonstrate the spatial and temporal variability of RGAs for summer (August 10, 2008), fall (October 2, 2008) and spring (April 1, 2009). The percentage of RGAs in summer increased rapidly to the maximum value (100% for the rainfall of August 10, 2008) due to higher rainfall intensity; however, these areas started disappearing gradually with time ( Figure 5) . A similar trend was followed for fall storms with difference in the maximum percentage of RGAs due to lower rainfall intensity ( Figure 6 ). This trend was totally different in spring so that the appearance and disappearance of RGAs followed a similar time scale (Figure 7 ). This was due to the fact that the soil was saturated and rainfall intensity did not affect the soil surface significantly. Table 3 shows that the spatial distribution of soil moisture in the watershed for the storm of August 2, 2008, was the same as the soil moisture distribution for the storms of July 30, 2008, August 5, 2008, and both storm events generated runoff. Therefore, no runoff generation status of the storm of August 2, 2008 could be related Table 4 . Spatio-temporal dynamics of RGAs for 18 recorded rainfall events in the watershed study. 0  41  26  66  15  17  7  41  100  15  8  15  0  0   60  31  0  41  8  48  100  17  0  17  100  15  0  31  24  0   120  33  15  25  8  15  31  8  8  48  8  100  17  24   240  22  0  17  0  8  17  0  0  32  0  100  100  100   360  8  8  8  8  24  100  100  100   480  0  8  0  8  17  100  24 ) as shown in Table 2 . For the storm of September 13, 2008, spatial distribution of soil moisture was the same as the storm of September 14, 2008; however, the watershed did not generate any runoff for the storm of September 13, 2008, partly due to lower rainfall intensity, even though the amount of rainfall was higher than the amount of rainfall for the storm of September 14, 2008 . The low average rainfall intensity could also be a reason for not generating runoff for the storm of October 8, 2008 . This storm had lower intensity compared to the storm of October 2, 2008, with same spatial distribution of soil moisture that generated runoff. Higher amount of rainfall and slightly higher rainfall intensity were also responsible for 100% RGAs for these events. The spring storms also caused 100% area of the watershed to generate runoff. This was mainly due to higher soil moisture in all the fields. These results confirm that the soil moisture plays an important role in the generation of runoff. However, other factors such as the amount of rainfall, rainfall intensity, and the antecedent rainfall are also responsible for runoff generation.
The minimum soil moisture for the RGAs in the watershed for summer and fall was 7%, and the maximum area generated runoff in summer (66%) was higher than that of fall (48%). The exception was the storms of August 10, 2008 , and September 14, 2008, which contributed 100% due to the occurrence of heavy rainfall a day before those storms. The minimum and maximum RGAs were 15% and 83%, respectively, in spring regardless of the 100% contribution for all three rainfall events. Overall, Figure 8 indicates that the temporal trend of change in RGAs in summer and fall is similar as the size of RGAs increases rapidly after storms start and decreases moderately with progression of the storms. This similarity is mainly due to a non-significant difference in the average soil moisture between these two seasons. The difference in the seasonal pattern of RGAs between summer, fall, and spring is due to soil moisture content and duration of rainfall events.
The analysis of persistence of 100% runoff generating status for the five rainfall events for summer, fall and spring illustrates that the 100% runoff generating status occurred sooner in summer and fall than spring ( Figure  8) . However, summer and fall rainfall events have generally higher intensity and shorter durations than those of spring, causing the 100% of watershed area to generate runoff faster, and remain at this status for shorter period of time. While spring rainfall events have lower intensity and longer durations, resulting in taking longer time in achieving the 100% runoff generation status and also persist for longer duration.
Factors Affecting RGAs
The spatio-temporal assessment of the factors governing the variability of RGAs, include; total rainfall, average rainfall duration, average rainfall intensity, average five-day antecedent rainfall, and average soil moisture. Statistical analysis (coefficient of correlation) indicated that there is no linear relationship between any single factor and RGAs in summer and fall, indicating that increasing and decreasing of these factors may not necessarily increase or decrease the RGAs ( Table 5) . This is mainly due to the dynamic nature of RGAs in these two seasons as well as the importance of other factors that may affect this phenomenon which are not evaluated in this study. In spring, the total rainfall and rainfall duration linearly affect the RGA's variability. Total amount of rainfall, average rainfall intensity, and soil moisture showed higher correlation coefficients for summer; rainfall intensity, five-day antecedent rainfall and soil moisture for fall; and soil moisture, total rainfall amount, and rainfall duration have higher correlations with RGAs for spring ( Table 5) . Table 5 also indicates that the amount of rainfall and the soil moisture are two key factors for quantifying RGAs for all three seasons followed by rainfall intensity for summer and fall, as reported by [34] [35] . The rainfall intensity does not affect the RGAs much in spring since soil is saturated or close to saturation and any storm can cause the entire watershed to generate runoff. The analysis also shows that the higher amount of rainfall and longer rainfall duration in spring can trigger the watershed to respond more rapidly and to maintain 100% runoff generation status.
Multiple regression analysis was performed for the factors with higher correlation coefficients with RGA except for spring season due to the low number of storms. For the spring season, two simple regression models were chosen since the low number (n = 3) of rainfall storms did not allow for multiple regressions analysis. Table 6 summarizes the regression models best fitted to the data for the three seasons. The statistical analysis for summer data with low correlation among studied variables (R 2 = 0.76) showed that the prediction of RGA requires consideration of other factors which affect the RGAs in summer. The fall and spring regression models could be more justified by the studied factors based on the higher R 2 associated with them. This could also be interpreted that the variability of RGA in summer is more complicated than the other seasons. The analysis also shows that the relationships of the studied factors with RGA cannot guarantee that any field would generate runoff during summer. The higher values of R 2 in the fall (0.92) and spring (0.99) could be interpreted such that the selected factors are more effective for predicting runoff generating area than those for summer.
Field Scale Analyses of Outflow
The outflow hydrographs at the outlets of each field was used to compute the total flow generated by the different field in the study watershed. Table 7 shows the total volume of runoff from each field and from the entire watershed for the eighteen recorded rainfall events. These data show that the highest amount of runoff was generated by Field 2 for the 18 recorded storms, followed by Fields (4, 6, 7, and 11). Fields 8, 3, and 5 generated the least amount of runoff, respectively, as shown in Table 7 and Figure 12 .
The average percentage of runoff volumes generated by each field was ranked based on the average percentage of total volume of runoff generated by each field. Figure 10 shows the sensitivity map of all the fields, where Field 4 contributed runoff for 14 out of 18 recorded storms, followed by Field 2 which contributed runoff for 11 out of 18 rainfall events. Fields 5 and 1 contributed runoff only for 4 out of 18 recorded rainfall events ( Table 7) .
The eight fields in the study watershed were then ranked based on percentage of the number of responses to the 18 rainfall events on another sensitivity map. Figure 11 illustrates the sensitivity map of the eight fields in the watershed based on the number of storms that caused each field to contribute to runoff. The difference between the fields in response to the storms could be explained by different soil moisture levels of the fields for various storms during the year as well as the discrepancy between the fields in slope and area. Spatial distribution The value in bracket is the percentage of contribution of the field to generate runoff as a fraction of total surface runoff depth. of bulk density and hydraulic conductivity could also be responsible for variability of field responses to rainfall storms.
Slope-Area Analysis
The analysis of the Slope/Area Index (SAI) of the eight fields for the eighteen rainfall events indicated a logarithmic relationship with the sensitivity of the fields. The relationship between the sensitivity of runoff generating areas alongside SAI with R 2 value of 0.88 conforms the Topographic Index (TI), which is the most widely used index for the identification of saturated areas (Figure 12(a) ). It shows that the greater the value of SAI, the higher the probability of generating runoff. The SAI index was also ranked and mapped based on the number of responses using SAI (Figure 12(b) ). The analysis shown in Figure 12 revealed that the SAI is a good predictor of sensitivity of fields to the number of storms that caused the fields to contribute to runoff, since the index identified Field 4 as the most sensitive field among other fields, followed by Field 2.
Fields 7, 6, 8, 5, and 1 were placed after Field 2 in this ranking, respectively. Field 3 did not show any relationship with Slope/Area Index, even though it had the highest value of the index. This could be due to sensor misreading or different soil compaction in this field, resulting in a different pattern of soil moisture status. These results indicate that area and slope of the fields have significant effects on the contribution of fields to runoff. This should be considered along with the soil moisture to predict the sensitivity of the field to contribute to runoff.
These data combined with the data in Table 4 explain that even though runoff generating area is highly dynamic from event to event and from season to season, the sensitivity of some fields to runoff generation remains constant for all storms in summer, fall, and spring seasons. Such as Field 2 and Field 4 which contributed runoff for most of the rainfall events regardless of the season. Data given in Table 7 show that 15% area in the study watershed (Field 2 and Field 4) generated 85% of surface runoff in summer, 100% of runoff in fall, and 40% of runoff in spring. Analysis of the data also shows that the 15% area in the study watershed contributed runoff by 75% as an average for a year. Also, Fields 4 and 2 are hot spots in the study watershed that should be given serious attention for agricultural activities. It was also confirmed by the SAI that the hot spots of the watershed were successfully highlighted. Therefore, the SAI method could be effectively used for the identification of RGAs in the study watershed for the purposes of nutrient management to reduce the risk of water pollution as proficiently as possible.
Watershed Scale Analyses of Outflow
The watershed outflow data were analyzed in order to compute the flow characteristics of the rainfall events ( Table 8, Table 9 ) to explore the relationships of these factors with the variability of RGA. Four factors including Table 9 . Relationship of rainfall and runoff return periods with RGA for summer, fall, and spring seasons. peak flow, total flow, runoff coefficient, and return period were selected for further analysis for summer, fall, and spring seasons.
Analyses of Peak Flow and Total Flow
The analyses of peak flow and total flow at the outlet of the study watershed indicated that there is a linear relationship between peak flow and RGA, and between total flow and RGA for summer, fall, and spring ( Figure 13) .
However, the degree of linearity decreases from fall to spring to summer. This can be either due to the complexity of summer hydrology or due to the fact that more storms were recorded for this season. The peak flow with an R 2 of 0.69 was found to be a better indicator than the total flow with an R 2 of 0.63 for RGA in summer. Moreover, the peak flow (R 2 = 0.97) and total flow (R 2 = 0.98) are equally good indicators for the variability of contributing areas during fall. Also, during spring, total flow (R 2 = 0.96) is a better index than peak flow (R 2 = 0.91) of RGA. Southern Ontario experiences more intense storms in summer than in the fall and spring; therefore, the responses of the watersheds to the storms are very rapid with sharper peak flows in summer than in the fall and spring. However, due to low soil moisture and in turn high soil storage, most of the produced runoff will enter the soil, resulting in lower total flow in summer. In contrast, early fall experiences fewer storms with lower intensities and soil moisture condition is almost similar to summer. Therefore, the contribution of the watershed to runoff is lower, resulting in reduced peak flow and total flow due to higher available storage. As a result, both total flow and peak flow can be assessed as good indicator for the fall season. The intensity of storm events is very low during spring and they rarely produce very sharp peak flows as observe during summer storms. Also, due to soil saturation, most of the rainfall events contribute runoff, resulting in high total flows, during the spring season. This clearly implies that total flow is a more reasonable indicator of RGAs for spring than peak flow.
Quantitative comparison of peak flow and total flow with RGAs during summer, fall, and spring, the 50th percentile value of runoff generating area was calculated (data not shown). The data indicated that if 50% of the area of the study watershed contributes to runoff, the peak flows of 4, 2.8, and 11 L·s ; and the total flows of 13, 8.6 , and 240 m 3 would be generated during summer, fall, and spring, respectively. These results depict that the study watershed contributes a considerable amount of runoff during spring while it only contributes a slight amount of runoff during fall. Therefore, spring is a critical season for manure/fertilizer application due to high risk of nutrient transport with water. Consequently, early fall may be the best time of the year for agricultural activities in the study watershed. Table 8 shows no relationship between RGA and runoff coefficient for the summer season. However, runoff coefficient showed a linear relationship with runoff generating area for fall and spring, while the degree of linearity is lower for fall (R 2 = 0.90) than in spring (R 2 = 0.99) (Figure 14) . These results indicate that the contribution of the watershed to runoff in summer is very low even for highly intense storms.
Analyses of Runoff Coefficients
Runoff coefficient analysis explains the variability of RGA extremely well during spring and fall by indicating that the watershed runoff contribution pattern follows storm characteristics, i.e., intense storms result higher runoff coefficients and larger size of RGAs. Such a relationship is not visible in summer. The average seasonal runoff coefficients for the three seasons show a nonlinear relationship alongside RGA with R 2 of 0.96. Seasonal runoff coefficients were found to be very low in fall, increasing sharply in summer and increasing moderately in spring ( Table 8) . Although the values of seasonal runoff coefficients of summer and fall are close, runoff generating areas of these two seasons are significantly different. This discrepancy could be related to different factors affecting RGAs in these two seasons. These findings indicate that runoff coefficient has potential to index RGA for all three seasons.
Analyses of Rainfall and Runoff Return Periods
Evaluation of RGAs revealed that the return is more closely correlated to RGAs for all seasons than the rainfall return period ( Table 9) . Comparison of the R 2 values of rainfall return period and runoff return period indicate that the difference between the two values of R 2 (rainfall return period and runoff return period) increases from spring to fall to summer, respectively, as shown in Table 9 . This means that the rainfall and runoff are highly correlated in spring, while they are poorly correlated in summer. These results indicated that runoff return period can be used as a reliable index for the percentage of watershed area generating surface runoff specifically during fall season. This also indicates that the link between RGA with rainfall characteristics is uncertain during summer and can be better explained during spring; however, more data are needed for fall and spring investigations.
RGAs and Nutrient Management
The average values of RGA and the factors influencing its spatial and temporal variability including the amount of rainfall, rainfall duration, rainfall intensity, five-day antecedent rainfall, and soil moisture at the beginning of the rainfall event were examined for nutrient management (Figure 15 ). These data show that the magnitude of the RGA is directly influenced by soil water content. During spring period the most important factors for RGAs are soil water content, rainfall amount and duration of rainfall events.
For summer and fall seasons the magnitude of RGAs is more influenced by five days antecedent rainfall followed by soil moisture and the amount of rainfall in that season. For the spring season the magnitude of RGAs is influenced by soil moisture and the amount of rainfall in spring. Figure 15 also shows that the fall season has the minimum runoff generating area compared to that of summer and of spring. These findings give indications that the early part of the fall season may be more appropriate for manure/fertilizer application due to fewer fields expected to contribute runoff. Manure application during early spring period should be restricted due to large RGAs and increased risk of water pollution.
Evaluation of Spatio-Temporal Variability of RGAs
In order to evaluate the results of the spatial-temporal variability of the RGA study, the findings were compared to Dickinson and Whiteley's moisture index [6] and Arteaga and Rantz's storm index (Equation (3)) [36] .
where SI is storm index is in inch (2.54 mm), A is antecedent rainfall in inch (2.54 mm), and S is total storm rainfall in inch (2.54 mm). The variability of contributing areas in summer, fall and spring were plotted versus these two indices. Figure  16 , Figure 17 show that these relationships are nonlinear for summer and fall. However, the trend of RGA is (Figure 18 ), even though it is nonlinear. This implies that the spring season has a different nature in southern Ontario as reported by [26] and the watersheds respond differently to storms in this season. This could be due to the high amount of moisture in the soil profile in this season such that soil is saturated or close to saturation either by direct rainfall or by snow melting. Saturation by groundwater does not occur in the study watershed since the soil of the watershed belongs to a well-drained soil series so that the depth of groundwater generally remains at 0.5 m below the soil surface even during March to May, and is below 2 m during August to October [37] . Another reason for this difference could be related to the factors upon which these two indices are calculated. The moisture index is based on soil moisture changes while it is uniformed in spring; whereas the storm index is based on antecedent rainfall which was proved not to have any relationship with RGA in spring. A threshold of 30 cm have introduced above which the RGAs change significantly with moisture index [6] . This threshold has been found in this study to be 23 cm for summer and 11 cm for fall; however, no such threshold is introduced for spring.
Conclusions
The following conclusions have been drawn from the current study:
• The results show that due to low soil moisture, runoff is generated by the infiltration excess mechanism in summer and fall, while the saturation excess mechanism dominated in the entire watershed in spring is due to the high initial moisture content of the soil.
• Runoff generating areas (RGAs) are highly dynamic and vary within a storm, storm to storm, as well as seasonally within a watershed. Out of 18 studied rainfall storm events, only five events were able to produce 100% contribution from the fields (one summer storm, one fall storm, and three spring storms). Also, the 100% runoff generating status occurred sooner in summer and fall than spring. RGA is relatively more responsive during spring than in fall and summer due to high soil moisture content in the field.
• The nature of a field responds differently to various rainfall events. This is evident when a field with low soil moisture generated surface runoff for a rainfall event, while the same field with higher soil water content does not generate any runoff for some other events. This implies that only soil moisture is not sufficient to study the variability of runoff generating areas. The statistical analysis showed that the amount of rainfall and rainfall intensity for summer (R 2 = 0.63, 0.82) and fall (R 2 = 0.74, 0.80), respectively, affected the RGAs. For spring, the amount and duration of rainfall (R 2 = 0.99) were found to be effective parameters in generating runoff.
• The field scale analysis developed a sensitivity map and slope-area method which showed that 15% area in the study watershed generated 85% of surface runoff in summer, 100% of runoff in fall, and 40% of runoff in spring. Analysis on annual basis also indicated that only the 15% area in the study watershed contributed runoff by an average of 75%. These data indicated that these hot spots should be given serious attention for agricultural activities in the study watershed. • The statistical analysis at watershed scale indicated that the relationship between RGA and peak flow (R 2 of 0.70) is a better indicator than the total flow (R 2 of 0.63) for summer. In addition, the peak flow (R 2 = 0.97) and total flow (R 2 = 0.98) are equally good indicators for the variability of RGAs during fall and spring seasons. No relationship was found between RGA and runoff coefficient for the summer season; however, runoff coefficient showed a linear relationship with RGA for fall (R 2 = 0.90) and spring (R 2 = 0.99), respectively.
• The database and the Slope/Area Index method developed in this research have potential for identifying RGAs at watershed scale. These fields can be marked for the purposes of BMPs for non-point source pollution controls, protecting source waters, and nutrient management.
Recommendations
• The runoff sensors and wireless system use very sensitive electronic devices which are affected by climatic characteristics, animals in the field, and other field operations. Therefore, development of a robust system and an appropriate housing is essential for their short-term and long term use.
• Manually recording of surface runoff and soil moisture are recommended for some randomly selected rainfall events to evaluate the function of pressure and soil moisture sensors during field experiment.
• The developed sensors do not perform well during the growing season when the plants are tall. Therefore, further research is needed to develop an antenna system capable of delivering signals from the surface runoff sensor to the base station for any height of crop. Also, further research is needed for comprehensive evaluation of the developed monitoring system in heterogeneous watersheds exhibiting spatial variations in soil surface, subsurface, land use and topographic characteristics.
